The mechanisms of postnatal adrenal zonation remain unclear.
3 was higher than in Grs 1 and 2 (P Ͻ 0.05), and localized to ZG and adrenal medulla by laser capture microdissection. cP450arom Immunoreactivity was observed in adrenal medulla in the three Grs and in subcapsular ZG of Gr 3. Double-immunofluorescence studies revealed that cP450arom and chromogranin A only colocalize in adrenal medulla of subjects younger than 18 months. In these samples, exon 1.b-derived transcript was 3.5-fold higher, while exon 1.a-, 1.c-, and 1.d-derived transcripts were 3.3-, 1.9-, and 1.7-fold lower, respectively, than in subjects older than 6 yr.
Conclusions:
Our results suggest that estrogens produced locally in adrenal medulla would play a role in zona reticularis functional differentiation through ER␤. The cP450arom and GPR30 expression in subcapsular ZG, colocalizing with a high-cell proliferation index, previously reported, suggests a local GPR30-dependent estrogen action in proliferation and migration of progenitor adrenal cells. A DRENARCHE IS THE maturational activation of dehydroepiandrosterone (DHEA) and DHEA sulfate adrenal androgen secretion. This event of postnatal sexual maturation occurs only in higher primates (1) , typically between 6 and 8 yr of age in humans, when the innermost layer of adrenal cortex, the zona reticularis (ZR), develops. Differentiation of the ZR cells implies a decrease in 3␤-hydroxysteroid dehydrogenase (3␤HSD) type II expression, an increase in 17,20 lyase activity of 17␣-hydroxylase (P450c17) due to an increase in cytochrome b5 association, along with an increase in sulfotransferase expression, which results in an increase of adrenal androgen output (1) (2) (3) (4) . However, the physiological mechanisms controlling the differentiation of the ZR and human adrenal androgen secretion remain unknown, suggesting that adrenarche is probably the result of the interplay of several factors.
Adrenal cortex and adrenal medulla are related ontogenically, anatomically, and functionally (5, 6) . These two adrenal systems influence their respective secretory activities in a paracrine fashion, suggesting that adrenomedullary function might be linked to the process of adrenarche (7) . In vitro and in vivo studies showed that estrogens might increase adrenal androgen production, suggesting that estrogen may modulate the ⌬5 pathway of steroidogenesis (8 -11) .
Estrogen biosynthesis is catalyzed by the enzyme cP450aromatase (cP450arom), the product of the CYP19 gene. In humans, it is expressed not only in gonadal but also in extra-gonadal tissues (12) , where it exerts significant local biological influence (13) . The CYP19 gene is tissue-specifically regulated through the alternative use of multiple exons 1 (12) . A unique promoter region containing basic and regulatory promoter or enhancer elements flanks each tissuespecific exon 1 (12) .
Previous reports of cP450arom expression in normal human adult adrenal gland were controversial (14 -17) . However, the presence of cP450arom was recently shown in the human adrenocortical cell line H295R (18) and in feminizing human adrenal tumors (15, 17) , as well as in the human fetal adrenal gland (19) .
The effect of estrogens on target tissues are mediated by nuclear estrogen receptors (ERs) ER␣ and ER␤, but they also act through nongenomic processes involving membrane proteins comparable to classical ER or nonclassical receptors, such as G protein-coupled receptor (GPR)30 (20 -22) . ER immunoreactivity has been detected in the neonatal and adult adrenal glands of the rhesus monkey (23) , and ER␤ mRNA was reported in whole human fetal adrenal gland (24) . However, the developmental expression and cortical zone-specific localization of ER␣ and ER␤ in the postnatal human adrenal gland has not been determined.
To provide a clue to estrogen biological actions at adrenarche, we studied the ontogenesis of ER␣, ER␤, and cP450arom mRNA expression and immunolocalization in human adrenal tissues from early infancy to puberty, as well as the alternative use of different exons 1 of the cP450arom gene.
Subjects and Methods

Tissue samples
For the present study, the human adrenal tissue samples, analyzed in a previous report (25) , were used. Briefly, 41 nonpathological human adrenal glands were obtained from multiorgan transplantation donors with less than 24 h after the diagnosis of brain death or patients undergoing resection of the kidney plus adrenal because of renal neoplasm (n ϭ 18), or from necropsies with less than 6 h of postmortem time (n ϭ 24). Histological identification of the adrenal zones has already been published (26) . As previously described (25) , for analysis of the results, subjects were divided into three age groups (Grs): Gr 1, younger than 3 months (n ϭ 12); Gr 2, between 3 months and 6 yr old (n ϭ 17); and Gr 3, older than 6 up to 20 yr (n ϭ 12). This division was based on the mean age of postnatal fetal zone (FeZ) involution (27) for the first cutoff and the mean age of adrenarche (1) for the second. In Gr 3, only those samples, in which a continuous ZR was present, were included. For immunolocalization and exon-derived transcript studies of cP450arom, definition of age Grs was different (see later) after the particular maturation pattern of the adrenal medulla (27) .
After removing adherent fatty tissue, segments of adrenals were fixed in 4% paraformaldehyde and embedded in paraffin for histological examination or promptly frozen and stored in liquid nitrogen for subsequent RNA analysis.
Donors or donor families gave consent for the use of organs for research and transplantation. The Ethical Committee of the Garrahan Pediatric Hospital approved the study.
RNA isolation
Intact adrenal tissues. Total RNA was extracted from each adrenal tissue sample by homogenization in TRIzol reagent (Invitrogen, Buenos Aires, Argentina) following the manufacturer's instructions. Purity and integrity of each total RNA sample were evaluated spectroscopically and by gel electrophoresis before RT. Total RNA concentration was assessed by spectrophotometric absorbance at 260 nm.
Cells isolated by laser capture microdissection (LCM)
. Sections (5 m) of frozen adrenal tissues (n ϭ 4, from boys aged 14, 15, and 18 yr, and a woman aged 20 yr) were mounted on slides for LCM (steel frames with polyethylene naphthalate; Leica Microsystems, Bensheim, Germany). Slides were fixed in methacarn (60% vol/vol absolute methanol, 30% vol/vol chloroform, and 10% vol/vol glacial acetic acid), hematoxylin and eosin stained, and dehydrated in rinsing ethanol and xylene.
Cells from the ZR, zona fasciculata (ZF), zona glomerulosa (ZG), and adrenal medulla were captured using the AS LMD microscope (Leica Microsystems). Total RNA was extracted from the microdissected samples using the RNAqueous-Micro kit (AM-1931; Ambion Inc., Austin, TX) according to the manufacturer's instructions.
RNA analysis
RT-PCR of ER␣ and ER␤. Total RNA of intact adrenal tissues was reverse transcribed using MMLV reverse transcriptase (Amersham Biosciences, Buenos Aires, Argentina) following the manufacturer's instructions. The RT products were then pooled and amplified by PCR with specific primers for ER␣ and ER␤. Each primer pair was localized on different exons to discriminate the products from genomic DNA and cDNA. The PCR reaction was performed using 2 l cDNA pool as a template in 25 l reaction volume containing 1.5 mm MgCl 2 , 200 m dNTPs, 0.24 m of each forward and reverse primer, and 1 U Taq polymerase (Amersham Biosciences).
Negative controls lacking cDNA were included in all PCR reactions. Human ER␣ and ER␤ cDNA clones (plasmids kindly supplied by Dr. K. Korach, National Institute of Environmental Sciences, Research Triangle Park, NC) were used as positive controls. PCR products were analyzed on 2% agarose gels containing ethidium bromide and visualized using a UV transilluminator. The identities of RT-PCR products were verified by sequencing analysis.
Semiquantitative RT-PCR of ER␤ and cP450arom
The cDNA of each adrenal tissue sample was amplified by PCR. The sequences of cP450arom and ␤-actin primers were previously published (28, 29) . Human ␤-actin gene, which is expressed at stable levels regardless of age (4), was used as a housekeeping gene to control PCR reactions, and normalize mRNA levels of ER␤ and cP450arom. Optimal PCR cycles required for linear amplification of each primer set were determined. Total amplification in each reaction was kept below saturation levels. A total of 0.12 m sense primer, 0.08 m 5Ј-end 32 P-labeled sense primer, and 0.2 m antisense primer was added at the start of PCR. The thermocycler was programmed for 10 cycles for ER␤ and 11 cycles for cP450arom; ␤-actin primers were then added, and cycling was continued for an additional 16 and 19 cycles, respectively.
The amplified products were separated by electrophoresis on 5% acrylamide 7-m urea gels and visualized by autoradiography. The intensities of the bands were quantified by densitometric analysis and normalized to that of ␤-actin (Molecular Image System, Bio-Rad GS-505; Bio-Rad Laboratories, Hercules, CA). Each sample was analyzed at least twice, in duplicates, at two different dilutions, each time.
Negative controls lacking cDNA were included in all PCR reactions. The identity of RT-PCR products was verified by sequence analysis. Within-and between-assay coefficients of variation were 11.4% and 13.6%, and 10.9% and 12.8% for mRNA abundance of cP450arom and ER␤, respectively.
No significant difference between ER␤ and cP450arom mRNA abundance in samples of Gr 2 collected from necropsies (n ϭ 9) or organ donors (n ϭ 8) was found.
RT-PCR of cP450arom, ER␤, and GPR30 in samples from LCM
A total of 10 l RNA extract from medullary and cortical lasercaptured cells was reverse transcribed using random hexamers (Biodynamics SRL, Buenos Aires, Argentina) and 200 U reverse transcriptase (Superscript II; Invitrogen) and then amplified by PCR. PCR was performed for 35 cycles using specific intron-spanning primer pairs for 3␤HSD, P450c17, and chromogranin A, and 40 cycles for P450arom, ER␤, and GPR30. PCR amplification of ␤-actin (30 cycles) was performed to check the quality of cDNA generated from the laser-captured samples.
Analysis of alternative usage of exons 1 in cP450arom mRNA
The use of alternative exons 1 of cP450arom gene in adrenal tissue was investigated by RT-PCR. As previously reported (27) , chromaffin cell functional maturation is not complete before the age of 18 months. Therefore, cDNA from subjects younger than 18 months was pooled separately from that of subjects older than 6 yr, before amplification by PCR. P450arom PCR was performed using a sense primer specific for exons 1a (placenta-type exon 1), 1b (adipose tissue/skin⅐fetal liver⅐bone-type exon 1), 1c (ovary-type exon 1), 1d (ovary/testis⅐prostate-type exon 1) (30), or 1.6 (bone-type exon 1) (31) and a 32 P-labeled antisense primer, specific for exon 3. Optimal PCR cycles required for linear amplification for each primer pair were determined. Positive (18, 30, 31) and negative controls lacking cDNA were included in all PCR reactions. As an internal control, RT-PCR reactions amplifying the ␤-actin mRNA were included. The PCR products were visualized by autoradiography after electrophoresis on 5% acrylamide 7-m urea gels. The identity of RT-PCR products was verified by sequence analysis.
Immunohistochemistry of ER␣, ER␤, and cP450arom
Immunohistochemistry staining was performed using the streptavidinbiotin and peroxidase method using the manufacturer's protocol (Dako Catalyzed Signal Amplification System, HRP; DakoCytomation, Carpinteria, CA), as we have previously described (25) . Briefly, after deparaffinization, sections (5 m) were subjected to antigen retrieval and proteinase K (20 g/ml) treatment (10 min). Endogenous biotin activity was blocked, and endogenous peroxidase activity was quenched. The sections were further blocked (Protein Block Serum-Free, Dako X0909; DakoCytomation) for 15 min. Sections were then incubated with the primary antibody for ER␣ (3 g/ml, sc-8002; Santa Cruz Biotechnology, Inc.), ER␤ (1 g/mL, sc-8974; Santa Cruz Biotechnology, Inc.), cP450arom (1/1000; HauptmanWoodward Medical Research Inst., Buffalo, NY), or GPR30 (4 g/ml, Lot 9096, kindly provided by Dr. E. Filardo, Brown University, Providence, RI) for 18 h, at 4 C. After washing, tissues were incubated for 15 min with biotinylated goat antirabbit (ER␤, cP450arom, and GPR30) or biotinylated rabbit antimouse (ER␣) Igs. Bound antibodies were visualized with 3,3Ј-diaminobenzidine tetrahydrochloride. As negative controls, normal rabbit serum (for Er␤, cP450arom, and GPR30) or normal mouse serum (for ER␣) was used instead of primary antibodies. Experiments were repeated twice. 4) and ER␤ (lanes 6 -9). PCR amplification with primers located at the N terminal A/B region for ER␣ (sense 5Ј-aggctgcggcgttcggc-3Ј, antisense 5Ј-agccatacttcccttgtcat-3Ј, 272 bp) and ER␤ (sense 5Ј-ttcccagcaatgtcactaact-3Ј, antisense 5Ј-ctctttgaacctggaccagta-3Ј, 260 bp) revealed that ER␤ but not ER␣ mRNA was detected in a pool of human prepubertal and pubertal adrenal glands (Ad). Human ER␣ and ER␤ cDNA clones (lanes 1 and 7, respectively) were used as positive controls (ϩC). Each reaction consisted of 40 cycles (1 min at 94 C, 1 min at 56 C, and 1 min at 72 C); no product was amplified in reactions that did not contain cDNA (n). M, 100-bp marker. B and C, Semiquantitative RT-PCR analysis of ER␤ and cP450arom, respectively, in normal human adrenal glands of the three age Grs. Gr 1, n ϭ 12; Gr 2, n ϭ 17; and Gr 3, n ϭ 12. The bars show mean mRNA levels, quantified densitometrically in relation to ␤-actin mRNA (AUs); the error bars represent SD in each Gr. Results are expressed as mean Ϯ SD; *, P Ͻ 0.05. D, Zonal expression of mRNA encoding cP450arom, ER␤, and GPR30 in ZR, ZF, ZG, and adrenal medulla cells of human adrenal tissue from Gr 3 recovered by LCM. Da and Db, A representative photomicrograph of a 14-yr-old human adrenal gland before and after LCM of the ZR (Da) and adrenal medulla (Db). Dc, Total RNA was extracted from cells of the respective zones and analyzed by RT-PCR. Each panel is labeled according to the primers used as follows: ER␤ (sense 5Ј-ttcccagcaatgtcactaact-3Ј, antisense 5Ј-ctctttgaacctggaccagta-3Ј); cP450arom (sense 5Ј-gaatattggaaggatgcacagact-3Ј, antisense 5Ј-gggtaaagatcatttccagcatgt-3Ј); GPR30 (sense 5Ј-ggctttgtgggcaacatc-3Ј; antisense 5Ј-cggaaagactgcttgcagg-3Ј); 3␤HSD (sense 5Ј-gggctggagctgccttgtga-3Ј, antisense 5Ј-tcgtggcgttctggatgat-3Ј); P450c17 (sense 5Ј-tggagaccaccacctctgtg-3Ј, antisense 5Ј-ggaggagacggttacggtca-3Ј); chromogranin A (Chrom A) (sense 5Ј-catctccgacacactttccaag-3Ј, antisense 5Ј-tcctctcttttctccataacatcc-3Ј); and ␤-actin (sense 5Ј-ggacctgactgactacctcatgaa-3Ј, antisense 5Ј-gatccacatctgctggaaggtgg-3Ј, 524 bp). ER␤ mRNA was observed primarily in the ZR, while cP450arom and GPR30 in ZG and adrenal medulla. Negative controls (no input cDNA) were run with all reactions (n). M, 100-bp marker. Experiments were reproduced with cDNAs from four adrenal tissues (15, 16, 21 , and 22 yr of age). AM, Adrenal medulla.
Double-label immunofluorescence for cP450arom with chromogranin A
Double-labeling experiments were performed by a sequential approach on paraffin tissue sections processed as described previously. After blocking with 1.5% normal goat serum in PBS for 1 h, sections were incubated with a primary anti-chromogranin A antibody (mouse monoclonal diluted at 1/25, NCL-CHROM; Novocastra Laboratories Ltd., Newcastle upon Tyne, UK) overnight at 4 C, followed by the secondary Alexa Fluor 488 goat antimouse antibody (10 g/ml) (Molecular Probes, Eugene, OR) for 1 h at room temperature. This was followed by an overnight incubation at 4 C with the primary anti-cP450arom antibody (rabbit polyclonal, diluted at 1/100) and then with the secondary Alexa Fluor 555 goat antirabbit IgG (10 g/ml) (Molecular Probes) for 1 h at RT. After the last wash, slides were mounted and examined in an Olympus FV300 confocal laser-scanning microscope (Olympus, Hamburg, Germany).
To control for nonspecific immunofluorescent staining, sections were also incubated in solutions in which the primary antibody was omitted.
Statistical analysis
For statistical analysis, mRNA data, expressed in arbitrary units (AUs), were logϩ1 transformed so that values approximated a normal distribution. Results are expressed as the mean Ϯ sd. Statistical significance was determined by ANOVA followed by the Bonferroni post hoc test. Differences were considered statistically significant when P Ͻ 0.05.
Results
Detection of ER␣ and ER␤ mRNAs and proteins, and GPR30 protein
Amplification and abundance of ER␣ and ER␤ mRNA in Grs 1-3 are shown in Fig. 1, A and B. Mean Ϯ sd (AUs) ER␤ mRNA value in Grs 3 (1.54 Ϯ 0.34) and 1 (1.53 Ϯ 0.75) was significantly higher than in Gr 2 (0.79 Ϯ 0.28; P Ͻ 0.05).
By immunohistochemistry, both cytoplasmic and nuclear
FIG. 2. Immunohistochemistry localization of ER␣ (Aa-c), ER␤ (Ba-c)
, and cP450arom (Ca-c) in paraffin sections of normal human adrenal glands of Gr 1 (Aa, Ba, and Ca), Gr 2 (Ab, Bb, and Cb), and Gr 3 (Ca, Cb, and Cc). Aa-c, ER␣ protein was undetectable in the three age Grs, while a strong immunostaining was present in sections of human breast carcinoma used as a positive control (ϩC). Ba-c, Immunoreactivity for ER␤ was confined to FeZ of Gr 1 (Ba) and ZR of Gr 3 (Bc). Ca-c, Immunoreactivity for P450arom was seen in adrenal medulla of the three age Grs and in subcapsular ZG of Gr 3. Immunopositive cells were visualized with the 3,3Ј-diaminobenzidine tetrahydrochloride colorimetric reaction, which results in a brown-colored precipitate at the antigen site. Counterstaining was performed using hematoxylin, which stains cell nuclei blue. Scale bar, 100 m (50 m for ϩC). AM, Adrenal medulla.
ER␤ staining was observed in FeZ of Gr 1 and ZR cells of Gr 3 (Fig. 2 , Ba-Bc). The high degree of intermingling between adrenal medulla and ZR was also evident. In contrast, ER␣ mRNA (Fig. 1A) and protein (Fig. 2 , Aa-Ac) were undetectable in human adrenal tissue from any age Gr. Furthermore, GPR30 protein was strongly expressed in ZG and in the adrenal medulla of Gr 3 (Fig. 3) .
Detection of cP450arom mRNA and protein
Mean Ϯ sd (AU) cP450arom mRNA levels in Grs 1-3 is shown in Fig. 1C . Mean Ϯ sd cP450arom mRNA (1.43 Ϯ 0.40) increased significantly (P Ͻ 0.05) at the age when adrenarche occurs (Gr 3), but no significant difference between Grs 1 (0.97 Ϯ 0.27) and 2 (1.03 Ϯ 0.43) was found.
Intense immunoreactivity for cP450arom was observed in adrenal medulla, independent of age and sex, as well as in the subcapsular ZG of Gr 3. Representative results of cP450arom cell immunolocalization in Grs 1-3 are shown in Fig. 2 , Ca-Cc.
Double-immunofluorescence labeling experiments with an antibody against chromogranin A, a general marker for epinephrine and norepinephrine secreting cells, are shown in Fig. 4 . In the adrenal medulla of subjects older than 6 yr, cP450arom-positive cells were chromogranin A negative, suggesting that other cells different from functional mature chromaffin cells are the source of local estrogen in males and females (Fig. 4, G-L) . However, in chromaffin cells that had not reached full functional maturity yet, as occurred in the adrenal medulla of subjects younger than 18 months (27), a coexpression of cP450arom and chromogranin A was observed (merged confocal images, Fig. 4, C and F) .
Analysis of gene expression in medullary and cortical cells isolated by LCM
LCM was used to obtain cDNA exclusively from the ZR, ZF, ZG, and adrenal medulla cells (Fig. 1D, a and b) . In four experiments with different human adrenal tissue from Gr 3, ER␤ mRNA was found expressed in ZR cells, while cP450arom and GPR30 mRNAs could be detected in both medullary and ZG cells. Representative results of mRNA zonal expression are shown in Fig. 1Dc . PCR reactions with specific primers for 3␤HSD (ZF and ZG cell marker), P450c17 (adrenocortical cell marker), and chromogranin A (adrenomedullary cell marker) were performed to analyze the purity of each dissected adrenal zone (Fig. 1Dc) .
Use of multiple exons 1 in cP450aro mRNA of human adrenal tissue
As shown in Fig. 5A, we found that exons 1.a, 1.b, 1.c, 1.d , and 1.6 were selected in normal human adrenal tissue. However, exon 1.b-containing transcripts in the fraction from subjects younger than 18 months were 3.5-fold higher than in subjects older than 6 yr, while in the latter exon 1.a-, 1.d-, and 1.c-containing transcripts were 3.3-, 1.9-, and 1.7-fold higher, respectively (Fig. 5B) . These findings suggest an agerelated switch in promoter use. Moreover, the fraction from subjects older than 6 yr expressed low levels of exon 1.6-derived transcripts compared with the youngest fraction. However, the overall expression of 1.6-containing transcripts was low because a 40-cycle PCR was required for visualization. The unspliced transcript of exon 1.6, which contains all genomic sequences between exons 1.6 and 1.d (30) , was the only splicing variant of promoter 1.6-driven transcripts detected in both fractions.
Discussion
As in previous studies of human fetal adrenals (24), we did not detect expression of ER␣ in any age Gr. By contrast, we found expression of ER␤. Similar ER␤ abundance between the youngest Gr, in which the FeZ is still present in most adrenals, and the oldest Gr, in which ZR is fully developed, was found. On the other hand, in the intermediate age Gr, ER␤ mRNA expression was lower than in the other two Grs. Consistent with mRNA expression, our immunohistochemistry study revealed that ER␤ expression was almost restricted to the ZR of Gr 3 and FeZ of Gr 1. Moreover, LMC followed by RT-PCR confirmed ER␤ ZR-specific expression. Expression of the ER␤ in the ZR provides a mechanism for mediating the action of estrogen directly within this cortical zone, at adrenarche. In this regard, previous studies have shown that E 2 modulates the response of human adrenocortical cells to ACTH by increasing DHEA sulfate production (8 -10, 32) . Therefore, we suggest that the estrogen-dependent increase of ACTH-regulated DHEA secretion by human adrenal gland after adrenarche and during the fetal period may be mediated by ER␤.
Estrogen is not solely an endocrine factor, but it is also produced in a number of extragonadal sites, and acts locally in a paracrine and intracrine fashion. The presence of cP450arom activity in a given tissue can generate, locally, high levels of estrogens without significantly affecting circulating levels (13) . Therefore, we analyzed the mRNA levels and zonal distribution of cP450arom in human adrenal tissue, as a function of age. Although cP450arom mRNA levels increased at the age when adrenarche occurs, marked cP450arom immunoreactivity was detected in the adrenal medulla of the three age Grs. The increase of cP450arom mRNA in the oldest Gr might be related to the intense cP450arom immunoreactivity also observed in the subcapsular ZG. To confirm the zonal cP450arom expression, LCM followed by RT-PCR was used. As expected, the zonal expression pattern of cP450arom mRNA in microdissected samples was similar to that reveled by immunohistochemical analysis. Considering the fact that various cell systems, including chromaffin cells, tissue macrophages, and cortical cells (5), were found to be intermingled in the human adrenal medulla, double-immunofluorescence studies were performed to evaluate whether cP450arom is expressed in chromaffin cells or not. Surprisingly, dramatic age-related changes in the localization of cP450arom within the adrenal medulla were found. In functionally mature chromaffin cells, cP450arom was not expressed, while in the adrenal medulla of subjects younger than 18 months, virtually all chromaffin cells, which are still functionally immature (27) , were cP450arom positive. In accordance with previous reports (33) (34) (35) , this finding suggests that estrogens, in an autocrine and paracrine manner, might mediate events associated with adrenomedullary development and functional differentiation. Indeed, a morphological and functional relationship of adrenocortical cells, and the adrenal medulla and its secretory products has been described (5). Furthermore, because ER␤ is clearly expressed in the ZR, but not in adrenal medulla, we propose that estrogens, produced locally in the adrenal medulla, could act as a paracrine factor in the ZR. However, we cannot discard a role of estrogens in the medulla itself not mediated by ER (34) .
A great number of cP450arom positive cells were also observed in the ZG of Gr 3, suggesting a potential for autocrine and/or paracrine activity of estrogens. However, because classical ER was clearly not expressed in the periphery of the adrenal cortex, this plausible estrogen action should be mediated by an ER-independent mechanism. Several recent studies have shown ER-independent effects of estrogens in neurons and breast cancer cells (20 -22, 36, 37) . Because GPR30, an orphan GPR, was recently reported to be a novel transmembrane ER (22), we examined its possible expression in human adrenal tissue from Gr 3. Intriguingly, GPR30 was highly expressed in the periphery of the adrenal cortex, pro-
Laser scanning confocal microscopy of normal human adrenal gland of subjects younger than 18 months (A-F) and subjects older than 6 yr (G-L) for cP450arom (red) and chromogranin A (green). cP450arom Protein was not expressed in adrenal chromaffin cells of the post-adrenarche Gr (subjects older than 6 yr) (I and L). Immunoreactivities for cP450arom and chromogranin A (a chromaffin cell marker) were colocalized in adrenal glands from subjects younger than 18 months, as shown in the C and F merged images. There were no differences in cP450arom expression between female and male adrenal glands. Scale bar, 200 m.
viding a possible membrane-associated GPR30 mechanism for mediating local subcapsular estrogen action. In a previous study, we have recently shown that the cell proliferation index is high in the outer ZG of human adrenal tissues, from early infancy to late puberty (25) , in agreement with the migration model (38) , and we have suggested that the IGF system could be involved in the postnatal mechanisms of progenitor adrenal cell proliferation and migration. However, the molecular mechanisms involved in this process remain poorly understood, and it seems logical to propose that multiple factors are playing a role. It has been reported that estrogens induce cell proliferation of the human adrenocortical H295R cell line (39) . Therefore, we can speculate that in the oldest Gr, coincidently with the period of enlargement of ZR, estrogen produced in the outer ZG cells, might stimulate, locally, adrenal progenitor cell proliferation and migration by a GPR30-dependent mechanism. Furthermore, direct interactions and cross talks between the IGF-I and estrogen signaling pathways exist in several tissues and disease processes, involving genomic and nongenomic effects (20, (40) (41) (42) .
Because of the age-related changes found in the cell type distribution of cP450arom expression, we have hypothesized that exon 1 of the cP450arom gene used in human adrenal gland may change in a region-and age-dependent fashion. To define the overall usage of exon 1 at different age periods, pooled cP450arom mRNA from adrenals of subjects younger than 18 months and those older than 6 yr was analyzed. Different patterns of use of exons 1 were observed in the two pools, even though the same exons 1 were selected.
In summary, to our knowledge, this is the first comprehensive report on the localization of cP450arom protein in the human adrenal gland during childhood and puberty. Our results suggest that estrogen produced locally in the adrenal medulla, acting as a paracrine factor through ER␤, would play a role in the regulation of ZR functional differentiation. The high cP450arom expression in the periphery of the gland, colocalizing with a high cell proliferation index, might also suggest a local ER-independent estrogen action in the proliferation and migration of progenitor adrenal cells in the process of postnatal zonation. However, the role of estrogens in the human adrenal gland is not completely defined, and further studies are required to elucidate the mechanisms of action of estrogens in terms of both genomic and nongenomic effects. Finally, the significance of the developmental changes of cP450arom expression in chromaffin cells remains to be elucidated.
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FIG. 5.
RT-PCR analysis of the use of alternative exons 1 of the P450arom gene in prepubertal and pubertal normal human adrenal gland. The adrenal cDNA from subjects younger than 18 months and older than 6 yr was pooled in two separate fractions. A, Exons 1.a, 1.b, 1.c, 1.d, and 1.6 are selected in normal human adrenal tissues. P450arom cDNA was amplified using a sense primer specific for exon 1a (5Ј-ctggagggctgaacacgtgg-3Ј), 1b (5Ј-gaccaactggagcctgacag-3Ј), 1c (5Ј-ccttgttttgacttgtaacca-3Ј), 1d (5Ј-aacaggagctatagatgaac-3Ј), or 1.6 (5Ј-cacagcagaaccagcacatca-3Ј) and an 32 P-labeled antisense primer (5Ј-ccaattcccatgcagtagccagg-3Ј), specific for exon 3; (30 PCR cycles for exon 1.a, 1.b, 1.c, and 1.d-containing PCR products, and 40 cycles for exon 1.6-containing products). Lanes 3 and 4, adrenal cDNA from subjects younger than 18 months. Lanes 5 and 6, adrenal cDNA from subjects older than 6 yr. Human placenta mRNA (exon 1.a-and 1.b-containing PCR products), cAMP-stimulated H295R mRNA (exon 1.c and 1.d-containing PCR products), and testicular tumor mRNA (exon 1.6-containing PCR products) were used as positive controls (lane 2). The sizes of the detected PCR products for exons 1.a, 1.b, 1.c, 1.d, and 1.6 are 304, 262, 270, 273, and 1077 bp, respectively. No product was amplified in reactions that did not contain cDNA (lane 1). B, There were 1.b-containing transcripts in the younger adrenal fraction 3.5-fold higher than in the older one, while 1.a-, 1.d-, and 1.c-containing transcripts increased 3.3-, 1.9-, and 1.7-fold in subjects older than 6 yr, respectively. The intensities of the amplified products in A were quantified by densitometry and normalized to that of ␤-actin (AU). Columns show mean expression levels of exon 1 transcripts in the fraction from subjects older than 6 yr, normalized to subjects younger than 18 months (fold increase). The dashed line indicates the levels of subjects younger than 18 months normalized to one.
